The integration of Building Information Modeling (BIM) and Geographic Information System (GIS) has been identified as a promising but challenging topic to transform information towards the generation of knowledge and intelligence. Achievement of integrating these two concepts and enabling technologies will have a significant impact on solving problems in the civil, building and infrastructure sectors. However, since GIS and BIM were originally developed for different purposes, numerous challenges are being encountered for the integration. To better understand these two different domains, this paper reviews the development and dissimilarities of GIS and BIM, the existing integration methods, and investigates their potential in various applications. This study shows that the integration methods are developed for various reasons and aim to solve different problems. The parameters influencing the choice can be summarized and named as "EEEF" criteria: effectiveness, extensibility, effort, and flexibility. Compared with other methods, semantic web technologies provide a promising and generalized integration solution. However, the biggest challenges of this method are the large efforts required at early stage and the isolated development of ontologies within one particular domain. The isolation problem also applies to other methods. Therefore, openness is the key of the success of BIM and GIS integration.
Introduction
Building Information Modeling (BIM) is a digital representation of a facility's physical and functional characters [1] . It is based on technology incorporating information in three dimensions (3D) and integrates the necessary information required by Architecture, Engineering, Construction and Facilities Management (AEC/FM).
In contrast, Geographic Information Science (GIS) is developed to manage and analyze spatial data, which is based on geomatics technologies. GIS as a technology/system allows the storage of BIM comprises a set of interacting policies, processes and technologies with the aim to develop "a methodology to manage the essential facility design and project data in digital format throughout the facility's life cycle" [27] . For instance, it can identify and clarify the existing relationship between architectural, structure layout and mechanical, electrical and hydraulic service by systematically coupling project components together [28] .
One of the significant features of BIM is that it enables transparent information sharing and management of the facilities [29, 30] and interactive operations for the clients or users through the entire project life cycle [1] . Such information includes the digital representation of both physical and functional components of a facility.
BIM can be as uncomplicated as 3D CAD technologies that is not only able to design and represent a facility, but can also be enriched by providing additional dimensions, such as cost, schedule, accessibility, safety, loGIStics, security, sustainability, maintainability, acoustics and energy simulation [31, 32] . By incorporating these construction business functions, engineering analysis can be implemented at each stage of the lifecycle of the constructed facility. Therefore, it is clear that BIM is not just a piece of software, but also a process that contributes to the workflow and project delivery process [33] . However, despite the complex system into which BIM has been developed, in a real sense, a building is not designed as an isolated micro-scale item independent from the macro-scale built environment [34] . Furthermore, the limited capability for spatial inquiry and locating objects in large scale are another two limitations of BIM [35] . Therefore, a broader built environment view is essential for data management in modern construction management.
The buildingSmart Industrial Foundation Class (IFC), as the most comprehensive and popular exchange format for BIM within the industry, is designed to present the building context [36] . It is an established generic information exchange standard for BIM, and supported by most of the BIM software in the AEC industry [23] . Compared with CityGML, which is specified as Extensible Markup Language (XML), IFC is defined as the data modeling language EXPRESS [37] , and the entities in IFC are referred by line number. IFC also has an XML version, IfcXML, which is XML based and can be exchanged over the Internet using web-services but is not as widely used as EXPRESS-based IFC. IFC is an object-oriented data schema and largely based on STEP technology (exchange of product model data). STEP addresses the product data representation and exchange among different domains, such as manufacturing, oil and gas, building construction, mechanical design, etc. In addition, some objects, for example road objects, are not provided by IFC; however, supports and tools are available to develop new standardized road objects [38] . Recently, in the latest version, IFC 4 [39] , further steps have been made towards the interoperability with GIS by including new geographic elements, such as "IfcGeographicElement" and "IfcGeographicElementType".
As indicated by Tolmer, Castaing, Diab and Morand [24] , the concept of LOD in IFC is different to those in CityGML, i.e., Level Of Development (LODt), and is used to monitor the design progress, without an ISO normalization as in CityGML. Generally, the description of the LODt definition can be given as: (1) LODt 100: only a symbol or other generic representation; (2) LODt 200: a generic system, object, or with approximate assembling information; (3) LODt 300: a specific system, object, or with detailed assembling information; (4) LODt 400: a specific system, object, or with detailed assembling information with fabrication and installation information; and (5) LODt 500: a field verified representation with all the information in LODt 400 [40] . However, from certain perspectives, LOD and LODt have strong correlation and indicate the same thing in BIM. One example of the variation of the LODt from 100 to 400 is shown in Figure 1 .
As an open format, IFC has become one of the most successful interoperable tools to exchange information across different platforms. However, limitations were identified in terms of expression range, information partition, and multi-interpolation on same information [41] . Pauwels EXPRESS-based IFC. IFC is an object-oriented data schema and largely based on STEP technology (exchange of product model data). STEP addresses the product data representation and exchange among different domains, such as manufacturing, oil and gas, building construction, mechanical design, etc. In addition, some objects, for example road objects, are not provided by IFC; however, supports and tools are available to develop new standardized road objects [38] . Recently, in the latest version, IFC 4 [39] , further steps have been made towards the interoperability with GIS by including new geographic elements, such as "IfcGeographicElement" and "IfcGeographicElementType".
As an open format, IFC has become one of the most successful interoperable tools to exchange information across different platforms. However, limitations were identified in terms of expression range, information partition, and multi-interpolation on same information [41] . Pauwels CityGML and IFC share some similarities. For example, both are object-based and they define some similar entities. Donkers [42] stated that some models that adhere to the CityGML are consistent with those in IFC to a large extent in term of geometrics. However, in addition to the different modeling languages they use and the amount of information included, many dissimilarities between the two standards also exist. For example, the object in IFC is defined by one or more of the following: Boundary Representation (BRep), Swept Solid, and Constructive Solid Geometry (CSG). In contrast, all objects are represented by BRep [36] . Moreover, the LOD is defined CityGML and IFC share some similarities. For example, both are object-based and they define some similar entities. Donkers [42] stated that some models that adhere to the CityGML are consistent with those in IFC to a large extent in term of geometrics. However, in addition to the different modeling languages they use and the amount of information included, many dissimilarities between the two standards also exist. For example, the object in IFC is defined by one or more of the following: Boundary Representation (BRep), Swept Solid, and Constructive Solid Geometry (CSG). In contrast, all objects are represented by BRep [36] . Moreover, the LOD is defined differently in IFC and CityGML and transformation of IFC to CityGML requires a full LODs matching in CityGML. In addition, IFC contains much more detailed information than CityGML. Therefore, a complete mapping between IFC and CityGML is not easy. As part of BIM and GIS families, they also share other common BIM and GIS dissimilarities and mismatches.
BIM-GIS Dissimilarities and Mismatches
BIM and GIS interpret 3D modeling from two different perspectives: GIS focuses more on real world modeling, while BIM is more focused on the design process. Therefore, in CityGML, for example, a wall is represented as surface for each room separately, while, in IFC, a wall is a volume object, which is shared between rooms and the exterior shell [43] . The real world modeling of GIS is driven by the requirements of mapping tasks, while the design modeling of BIM is based on the representation of geometric design and construction details [44] . GIS often focuses on the geographical information and shape of buildings and building components from a geographical perspective. In contrast, BIM often focuses on the detailed building components and project information, such as cost and schedule from an architecture and construction perspective [45] .
Furthermore, although there are substantial works towards as-built model reconstruction [46] , BIM is still mainly developed to represent objects that do not exist prior to the generation of the model. In contract, GIS aims to model the objects that already exist around us, and the models should be recognized as easily as possible. The mismatched information is one of the challenges to integrate BIM and GIS.
Computer-based GIS has been developed since late 1960s, while the concept of GIS and its manual application were adopted about 100 year earlier [47] . Over the past few decades, GIS has been developed from an application-led technology to a problem solving science, which includes principles, techniques and analysis methods [48] . In contrast, BIM is much younger than GIS. The first formal discussion on the potential of BIM was introduced in the late 1980s and early 1990s [49] . In the last few years, although the number of BIM studies on analysis methods has been increasing, BIM can still only be viewed as an application-led technology.
Generally, their dissimilarities and mismatches can be summarized as: different users, different application focuses, different developmental stages, different spatial scales, different coordinate system, different semantic and geometric representations, different levels of granularity, and different information storage and access methods. Although these two concepts/technologies have matured in different ways, the overlap between them has become bigger recently (Figure 2 ). With the recent demand for merging outdoor and indoor applications for different purposes, attempts have been made to design methods and tools to integrate building models within a geospatial context. However, barriers coming from these dissimilarities and mismatches exist for the integration between the two different concepts and their respective enabling systems.
To overcome the barriers and challenges, open and collaborative attitude and work are critical among all GIS and BIM users. From previous experience, the openness and collaboration can be achieved by: (1) demand driven, for example, smart city development [50] ; (2) frequent communication [51] ; and (3) government initiatives [9] . differently in IFC and CityGML and transformation of IFC to CityGML requires a full LODs matching in CityGML. In addition, IFC contains much more detailed information than CityGML. Therefore, a complete mapping between IFC and CityGML is not easy. As part of BIM and GIS families, they also share other common BIM and GIS dissimilarities and mismatches.
Generally, their dissimilarities and mismatches can be summarized as: different users, different application focuses, different developmental stages, different spatial scales, different coordinate system, different semantic and geometric representations, different levels of granularity, and different information storage and access methods. Although these two concepts/technologies have matured in different ways, the overlap between them has become bigger recently ( Figure 2 ). With the recent demand for merging outdoor and indoor applications for different purposes, attempts have been made to design methods and tools to integrate building models within a geospatial context. However, barriers coming from these dissimilarities and mismatches exist for the integration between the two different concepts and their respective enabling systems.
To overcome the barriers and challenges, open and collaborative attitude and work are critical among all GIS and BIM users. From previous experience, the openness and collaboration can be achieved by: (1) demand driven, for example, smart city development [50] ; (2) frequent communication [51] ; and (3) government initiatives [9] . Figure 2 . Overlap between the fields of GIS and BIM.
Integrating Building Models with Geospatial Context

Previous integration methods can be classified in different ways: semantic or geometric level; unidirectional or bidirectional methods; and commercial or open source software. Amirebrahimi, Rajabifard, Mendis and Ngo [6] also summarized that previous works on the integration of GIS and BIM can be categorized into three levels: data level, process level and application level. However, a sufficient and detailed illustration of previous works on these three levels was missing. This study adopts this way of classification and further discusses previous BIM and GIS integration works from these three different levels.
BIM and GIS Integration at Data Level
The integration of BIM and GIS at data level normally involves the introduction of new standards, revision of old standards, or the conversion/translation of data format.
New Standards and Models
The Open Geospatial Consortium (OGC) Land And Infrastructure Domain Working Group (LandInfraDWG) was chartered in 2013 to work on the integration of LandXML and CAD-based land information with other OGC standards by better understanding the nature of LandXML [52] . During this process, InfraGML was proposed as a successor of LandXML. Although originally from the spatial world, the OGC LandInfra SWG group has begun to work closely with buildingSMART International and its IFC for BIM interoperability. This new standard will be more easily integrated with CityGML, and thereby able to work as a bridge between BIM and GIS.
The InfraGML covers the areas of land development and civil engineering infrastructure facilities, with potential to include transport networks, terrain, land parcels, drainage, wastewater, and water distribution systems in the future [53] .
IndoorGML was developed by the IndoorGML Standard Working Group [54] in an OGC GML 3.2 application schema. The working group aims to introduce an application for indoor navigation, but the new standard can also work as a data source for the interior topology of buildings, thereby complementing the existing standards, such as IFC and CityGML [54] . Some information in IndoorGML can be directly derived from IFC or CityGML LoD 4, while some feature types defined in IndoorGML have the potential to be used by IFC and CityGML in future [55] .
In this standard, geometric, semantic and topology information of indoor spaces has been well described. Based on the IndoorGML standard, a mature system with editor and viewer functions was developed [56] . Particularly, this system can support BIM data, with potential to support geospatial information.
Unified Modeling Language (UML) was also used to develop a new model-Unified Building Model (UBM), in which most elements and objects are derived from both IFC and CityGML [44, 57] . UBM works as an intermediate model to relate BIM and GIS. This model is built based on IFC and CityGML, and can be revised for different applications. It aims low and is flexible; therefore, could avoid the information loss for one particular use.
The QUASY (Quartierdaten-Managementsystem) project aims to develop a new 3D semantic building model, which is dedicated to urban development [58] . It has many similar features as CityGML, but becomes more flexible, due to the application of variants (QuVariants). The variants can indicate different things, such as volume, surface, and curve geometry; detailed semantic information on building components; and a parametric description for future instantiation. Part of the objects in IFC were mapping to the QUASY using IfcWallModificator.
The introduction of new standard or model can fundamentally and revolutionarily solve the integration problem, as it avoids the barrier between the two domains. However, the emerging standards and models can only provide solution from one particular view, for example, building, infrastructure and indoor space. There is no single standard can cover all the aspects in a region. This is partly because the development of a new standard or model is a very time and cost consuming process. In addition, for different reasons, information loss (actively or passively) is an unavoidable problem in the new developed standard or model, especially for those maturing standards and models with big ambition to include everything in a region. The review work found that focused projects are more easily to become successful, in terms of information loss, flexibility and labor cost.
Conversion, Translation and Extension of Existing Standards
As IFC and CityGML are the most popular and representative standards in BIM and GIS domains, respectively, a large number of efforts were made to convert, translate or extend them to be compatible by each other. However, based on the description in Section 3, the current CityGML and IFC standards are still not sufficient to support the structure information of the entire built environment lifecycle for urban and infrastructure projects. Therefore, further steps are required to provide solutions to the data exchange problems. The existing methods can be summarized into two categories: manual and semi-automatic, and no method can fully automatize the conversion process.
The integration between CityGML and IFC has always been considered as an important way to implement the complete picture of 3D modeling at different levels of detail [59] . Several previous projects have been conducted to achieve this goal [10, 43, 60, 61] , and most of them are with a focus on the exchange of geometry. The geometry conversion from IFC to CityGML is normally performed to lower LODs in CityGML [10] . There are also a few research efforts focusing on the integration of semantic information between GIS and BIM by extending and mapping CityGML and IFC schemas [37, 45, 62] .
El-Mekawy, Östman and Hijazi [57] listed and discussed the differences between the two standards and the possibility of the conversion between the different classes/entities. Similarly, de Laat and van Berlo [10] listed the classes in IFC that could be used in GIS system, and extend the CityGML as GeoBIM extension to support IFC semantics and geometries. It was demonstrated in an XML Schema file (XSD) and as a UML class diagram. This was implemented on the BIM server [63] . The interactive relationship between the theoretical model and the software implementation on BIMserver makes this theoretical GeoBIM extension very robust for practical use. The framework of BIMserver is to enable the storage, maintenance, query and centralization of information from different data sources and encourage collaboration among participants [64] . It includes an Eclipse Modeling Framework (EMF) model [65] of IFC, a Berkeley DB database [66] and communication interface using web technologies, such as Representational State Transfer (REST), Simple Object Access Protocol (SOAP) and web user interface [10] . The IFC Engine DLL library [67] and the CityGML4j java library [68] are connected to the EMF interface and compose CityGML files [10] . However, BIMserver only allows unidirectional translation from IFC to CityGML.
In order for IFC and CityGML to be compatible in one system, Geiger, et al. [69] simplified the complexity of the IFC model in terms of both geometry and semantics. This study was implemented on the IFCExplorer, which is a software package developed to integrate, visualize and analyzes the spatially referenced data at Karlsruhe Institute of Technology [70] .
Generally, the manual conversion/translation between IFC and CityGML normally involves the steps: (1) semantic filtering; (2) exterior shell computing; (3) incorporation of building installation; (4) geometric refinements; and (5) semantic refinements [42] . This is one of the classic frameworks on IFC and CityGML conversion/translation.
Zlatanova, et al. [71] stated that one of the limitations of the conversion between IFC and CityGML is the missing semantics. Even if the semantic information is complete after conversion, the original meaning of the attributes does not retain [72] . However, this does not mean the conversion of geometry will always be easy. Transferring from CityGML to IFC is more difficult in terms of both semantic information and building geometry [35] . Two of the possible solutions are a better defined surface type in CityGML and the improvement of the "IfcSpaces" in IFC [42] . "IfcSpaces" and "IfcSlab" are two key layers between the conversion of CityGML and IFC.
Recently, a semi-automatic way of BIM and GIS data conversion/translation was implemented by the Extract Transform Load (ETL) process, which extracts the homogeneous data from the source systems and load the data into data warehouse by transforming the data into proper format or structure. In order to improve the loading time, the BIM object geometry information is normally processed by ETL before being represented in the integrated system [73] . A step-by-step description on how to integrate BIM data into a spatial information model by ETL was demonstrated by Rafiee, Dias, Fruijtier and Scholten [2] . Kang and Hong [72] furthered this study by providing a more detailed and structured framework using similar principles. Normally, the process starts with the geometry conversion, which is followed by the Global ID allocation. Global ID will be used to automate the semantic translation [2] . The semantic information in the original data is mapping into a structure that destination data format can recognize.
One of the most popular and successful commercial platforms applying ETL is Feature Manipulation Engine (FME) [74] . The spatial ETL used by FME is not a one-way conversion tool. Same as IFCExplorer, it supports a bidirectional reading and writing between IFC and CityGML [42] . Two other large companies adopting spatial ETL process to integrate heterogeneous data sources are ESRI and Oracle, and the functions are called ArcGIS Data Interoperability [75] and Oracle Spatial with Spatial ETL [76] , respectively.
Theoretically, both geometric and semantic information should stay relatively consistent, when translated between IFC and CityGML by ETL. However, this depends on the data knowledge of the operator on both GIS and BIM, especially for sematic information conversion. In addition, there is normally no coordination information stored in IFC, and an additional step (for example, LocalCoordinateSystemSetter in FME) is required to set the original location of the model in IFC.
The mapping process during the ETL can be flexible, and it enables both full and customized translation between BIM and GIS data. One the other hand, the model mapping process is costly in terms of both time and money, although this mapping work is not as costly as those at deeper standard level. Therefore, ETL tools are good for bulk data conversion, which translates large volume data in batch. Admittedly, errors are unavoidable sometimes during the model mapping and interpretation stage, as human processing involves and the irreconcilable difference between the two standards. For example, it is not easy to fully interpret the contiguous space boundaries in IFC by ETL process, which cannot be easily solved by manual conversion either [77] . Moreover, another disadvantage of ETL is that it cannot implement on-demand and real-time data conversion. Although many previous studies have been done on this topic, quick response ETL is still not achieved at practical level.
BIM and GIS Integration at Process Level
Semantic Web Technologies
The integration at process level will not change the data format and structure from both sides, and "they simultaneously remain live and distinct" [6] . BIM and GIS have different contents and data structures, and BIM normally has much more information than GIS. In order to develop a seamless integration system, a reference ontology as part of semantic web technologies can be used to store and represent the differences. Reference ontology is not a new category of ontologies, but is designed to take a global view of many domains by extending and specializing high-level ontologies [78] .
The ultimate goal of semantic web is to "allow data to be shared effectively by wider communities, and to be processed automatically by tools as well as manually" [79] . Therefore, semantic web has a natural ability to integrate information from different sources. It aims to provide machine accessible semantics to annotations using rich conceptual schemas-ontologies [11] . Ontologies define the terms in annotations using a set of pre-defined concepts, and transform them into semantic annotations. Resource Description Framework (RDF) works more like a framework to manage and represent ontologies.
Deng, Cheng and Anumba [36] summarized a framework of IFC and CityGML integration using reference ontology: (1) transformation of geometry; (2) translation of coordination system; (3) development of schema mediation using ontology; and (4) harmonization of different LoDs in CityGML. There is ongoing work that aims to develop a harmonized framework for networked and distributed concept libraries [80] . In the context of the Linked Open Data initiative, the concept of semantic mash-up scenarios was intensively explored by the proposed system. In this work, BIM and GIS will be able to remain commensal by adopting the techniques of IFC for GIS (IFG) data model [81] and buildingSMART Data Dictionary (formerly the International Framework for Dictionaries or IFD) [82] and semantic web technologies.
Similar to the ongoing work from Beetz [80] , there were a number of similar researches conducted on the topic of distributed models under the concept of the semantic web, RDF and ontologies. This is one of the most active areas being explored by researchers from both GIS and BIM. Mignard and Nicolle [35] built an evolutive ontology and an architecture of Urban Facility Management. There is no widely accepted definition of evolutive ontology. Generally, it stands for an ontology that becomes adaptive to arisen changes in one domain and maintains consistency of itself and its depending artifacts [83] . This platform is an extension of facility management ACTIVe3D [84] by defining the spatial, temporal and multi-representation concepts. In addition, Karan, et al. [85] introduced a similar work frame as Beetz's, however, a more detailed framework and workflow has been presented in their study.
Semantic web technologies based integration methods enable the bidirectional conversion between BIM and GIS. They are also more flexible than other methods, as the defined ontologies can be available for future use. In addition, such an approach preserves the semantic information specified in both domains, while still enabling data integration on a semantic level. However, semantic web technologies are still developing and maturing, especially for the enrichment of globally agreed ontology definition. Currently, the development of semantic data models is mainly a manual and time-costly process, especially at early stage [86] . One of the potential solution is to develop a converter at sever-side using programing tools, such as PHP scripting language [85] . In addition, the isolated and independent development of ontologies within one particular domain is another constraints of heterogeneous data fusion.
Services-Based Methods
Another attempt to integrate BIM and GIS information is through OGC map services by the 3D Information Management (3DIM) Domain Working Group. The purpose of Web Services test bed phase 4 (OWS-4) project was to demonstrate that the BIM-GIS could be integrated over the Internet using web-services at a process level, and without developing new web-service types to address the integration issues. The OGC OWS-4 participants [87] have either applied the existing OGC web services, such as Web Feature Server (WFS), or developed new types of components in the Open Geospatial Service Architecture to integrate BIM. Finally, a compromised Transactional Web Feature Service (WFS-T for BIM) was applied to serve features from both IFC and CityGML.
Similarly, Lapierre and Cote [22] used CityGML, WFS, and 3D Viewer to develop a web-based solution to manage city data. Hagedorn and Dollner [88] integrated GIS, CAD, and BIM Data to build the Virtual 3D City Model, which is also based on the web service supported by the Onuma System.
The system performance of services-based method is normally effective, in terms of both semantic and geometric conversion, and less information loss can be identified. However, such system normally has low flexibility and extensibility [72] . An expensive and specialized solution is required when problems occur, such as the low efficient mapping process due to the non-optimized programming code in the system. Moreover, the services-based method also shares similar disadvantages to other integration methods at process level. Since the process level integration always involves human intervention, low productivity is the drawback at the early stage of integration system development.
BIM and GIS Integration at Application Level
The last group of integration methods is at application level. At this level, both source data and object data are not changed, and no service or ontology is developed. This type of studies was normally implemented to serve a specific use case. For example, noise information separately calculated from BIM and GIS, works as medium to exchange and integrate the necessary information between the two systems [8] . There is another study adopted information as medium between BIM and GIS systems [89] . In this study, the information required by GIS and further spatial analysis was extracted by a customized plug-in, which is available in any commercial BIM software. Then, the information was stored in the central database (e.g., MS Access).
Moreover, in addition to the information and customized tools (plug-in), schema is another option to work as integration medium. Green Building XML (gbXML) was adopted as intermediate data format between GIS and BIM by Niu, et al. [90] . The useful information in BIM was extracted, simplified, and stored as gbXML file, which was converted to KML and COLLADA after the energy simulation, then presented on the Google Earth. The integration methods at application level solve the problem from one particular angle, and normally cannot be adopted by other methods. Generally, this type of methods will not be costly in terms of both time and labor.
Comparison of Integration Solutions
A number of previous or on-going studies have been discussed in previous Sections. The methods used in these studies were introduced due to various reasons and aimed to solve different problems. Therefore, the selection of integration method is highly a problem driven question. Based on the systematic literature review on the previous integration solutions, the parameters influencing the choice can be summarized and named as "EEEF" criteria: effectiveness (less information loss), extensibility (high degree of openness), effort (time/labor/money cost), and flexibility (the possibility of one result that can be applied by other studies). The pros and cons of each solution are listed in Table 1 . The conclusion in Table 1 is based on the nature of the methods and the comparison of the case studies illustrated in this Section. The spatial scales of new standards or models range from indoor space (IndoorGML), infrastructure (InfraGML) to city (QUASY project) with completely different application purposes and LODs. Therefore, the "EEEF" of new standards and new models development highly depends on their ambitions. If the new model aims to solve one particular small and focused problem, the overall evaluation of "EEEF" can be very satisfying. On the other hand, if the model or standard aims to cover all the aspects of BIM and GIS, the risk is normally high. However, any efforts towards new standard development should be encouraged, as it could solve the integration problem fundamentally and revolutionarily. It takes time and effort to achieve anything worth doing.
The conversion, translation and extension of existing standards, either manual or semi-automatic, normally involve semantic filtering (ignoring or mapping) process; therefore, certain level of information loss is not avoidable. The aim of both semantic web technologies and services-based methods is to enable data sharing, rather than converting existing standards or developing new ones. Thus, little information loss can be seen during the integration at process level. As data filtering process might be involved in the application focused methods, information loss might happen.
Manual conversion, translation and extension of existing standards and semantic web technologies end up with new entities development, such as GeoBIM, and ontology, which can be easily available and further enriched by future studies. The semi-automatic integration, such as ETL, focuses on the process description (data format is changed during the integration process), and the process can vary among different applications. Therefore, the developed ETL process is not extensible by all the future applications. As web-service technology is becoming mature and service-based integration is "extensively specialized problem-solving method" [72] , it shows weak potiential in extensiblity.
As most integration works at process level require extensive human intervention, low productivity is the drawback at the early stage of such integration system development. Compared with manual conversion, translation and extension of existing standards, semi-automatic methods only require human intervention during the mapping stage. Since source data, object data, service and ontology are neither changed nor developed by application focused methods, it requires least effort and has least flexibility, compared with others. Due to the specialized problem-solving nature of service-based integration, it also has low flexibility. The converted, translated and extended standards, mapping relationship in ETL process, or the new ontology developed from one study all require certain level of revision, in order to be used by another study. These three methods balance the practical application and new integration knowledge generation. The latter feature provides an opportunity to deliver adaptive results.
Applications of GIS and BIM Integration
3D Cadastre
3D cadaster is an important application of BIM and GIS integration in the recent times. Traditionally, cadaster is based on a 2D parcel description with associated legal status and property right information. However, such description can be inaccurate, especially for the complex building structures with multi-levels above and under the ground [91] . BIM can provide much more detailed information for cadaster purposes. However, sometimes the information in BIM can be too detailed, and simplification process is required. Other information, such as ownership and transaction history, is not available in BIM [92] . Therefore, many studies were implemented to translate the information between BIM and GIS to develop a seamless 3D cadaster system [91] [92] [93] . However, the implementation of 3D cadaster is not only a technical issue, but also involves organizational and legal challenges [53, 93] .
Location-Based Services (LBS) and Navigation
Location based services (LBS) stand for providing services based on the geographical location which is determined by a mobile device [94] . The localized services can be both triggered and user-requested, and are stimulated by a number of applications such as emergency response [95] . Different from traditional contingency plan [96] , current technologies enable that emergency operations can be timely and dynamically navigated to a target building on a GIS platform; however, when within a building or construction site, the architectural and engineering details, such as building interior, water supply and electricity supply, are required to make effective decisions [22] .
The integration of BIM and LBS extends the traditional 2D LBS to 3D, especially within a building [97] . Shayeganfar, et al. [98] presented a smart indoor navigation solution to enhance the indoor timely response. It combines the BIM and the user constraints using semantic web technologies. Hwang, Kang and Choi [56] and Zverovich, et al. [99] also developed an indoor navigation system, but put more focus on the tools development on BIM and GIS integration for indoor space. Besides the detailed representation of a building, such as the efforts on IndoorGML [54, 56] , the enhancement of an indoor navigation environment, by using radio frequency identification (RFID) or indoor wireless network, can also improve the timely and accurate indoor positioning [100] . Other applications of the integration of location-based services and BIM include measurement of pedestrian traffic in a building [101] , road monitoring and reporting [102] , and construction activity tracking [103] . However, privacy preservation is required for the BIM and LBS system, considering that various stakeholders may have access rights to the shared information across the project environment [104, 105] .
Asset Management
In general, asset management requires systematic processes in the fields of operation, maintenance and renovation. Large asset owners are becoming aware of the advantages of applying information management techniques in reaching more comprehensive solutions [106] . A more informed asset-deployment decision will be made with the assistance of a fully functional asset management system with adequate and reliable information [107] .
A GIS/BIM platform has been used for a preliminary feasibility study to estimate the cost of building a national road [108] . Park, Kang, Lee and Seo [108] developed a system that employs BIM and GIS systems with three modules that estimate construction cost, land acquisition cost and operations and maintenance cost, separately, in order to assist reasonable decision making for the optimized route selection. Moreover, Krämer and Peris [109] introduced the GIS and BIM integration work at Botanic Garden, Berlin. It aims to improve the sustainable management of facilities in the garden and information services for visitors and scientists.
Asset management work order processes highly rely on the sustainable supply chain management. One example about such study was presented in Irizarry, Karan and Jalaei [89] study, in which BIM and GIS were integrated into a unique system to visualize the construction supply chain process and keep track of the material status. In addition, Liu and Issa [51] integrated GIS and BIM for 3D visualization of sub-surface pipelines in connection with the building utilities for facilities management purposes.
Heritage Management
Recent development of techniques has facilitated the capture and management process for architectural heritage data, which includes radiometric, geometric, spatial and multi-temporal data [9] . One of the capabilities of BIM is to support 3D models derived from design data [110] . In addition, the three important concepts related to efficient information management in three dimensions for any historic building are: (a) segmentation; (b) structuring the hierarchical relationships; and (c) semantic enrichment [9] . These concepts are composed in a typical pipeline for as-built BIM generation [111] . In Dore and Murphy [112] study, the architectural elements represented by parametric objects were mapped onto the data captured by laser scan or photogrammetric survey. The surrounding environmental information, such as street view, transportation and cadastral information, was represented by CityGML, and was integrated with the 3D heritage.
Furthermore, SanJosé-Alonso, et al. [113] and Centofanti, et al. [114] introduced semantically-rich 3D objects in a GIS environment. In addition, a safety monitoring system was developed on a GIS platform to manage the cultural heritage in a historical street in Taiwan [115] . In this system, the 3D information of historical buildings and the corresponding surrounding environment was represented by laser scanning.
Site Selection and Layout Plan
BIM allows project planners to immerse the realistic view of the construction site and evaluate the potential hazards by using information embedded in three-dimensional models. The detailed component information in the predesigned BIM can also assist with decisions during the site plan stage [116] . In contrast, GIS provides the spatial context view of the site and the quantitative assessment of environmental impacts [117] . GIS can support evaluation of on-site material accessibility and detection of spatial-temporal conflicts for construction site material layout [118] . Furthermore, the visualization capability of GIS, specifically the three-dimensions and navigation system, is also able to utilize the site selection and layout plan [119, 120] .
The application of integrated GIS and BIM systems to facilitate site selection can be attributed into two different areas: site for equipment and site for construction. Irizarry and Karan [5] presented a function to optimize the number and locations of cranes on a construction site by considering their locations and geometric layout of loads. Bansal [3] made full use of the advantages of GIS, such as topography modeling and geospatial analysis, and the advantages of BIM, such as linking the execution schedule with a three-dimensional (3D) model, to facilitate the space planning and time-space conflict identification. Bansal [121] also presented an integrated GIS and BIM system to predict places with high potential for accidents and activities to improve the site layout plan. In addition, Bansal [3] developed an integrated system that enables time-space conflict identification and proposes solutions prior to construction.
Urban Environment Analysis
The recent fast development of ICTs becomes one of the driving force in the urban transformation and development of smart city [122] . Admittedly, smart city is not all about ICT technology, however, ICTs provide important digital and communication infrastructure of smart city [123] . As part of ICTs, the integration of BIM and GIS helps establish a spatially seamless digital infrastructure, which is a critical foundation of smart city development. In Neirotti, et al. [124] study, many potential application domains of smart city were illustrated, including urban environment analysis, which aims to improve the sustainable resources and infrastructure management in a city by employing BIM, GIS or other ICTs.
Thiis and Hjelseth [125] proposed an approach based on BIM and GIS to enable climatic adaptation of buildings. Bansal and Pal [126] proposed a method for direct sunlight visualization to calculate the amount of sunlight received on different faces of a building by integrating BIM with GIS. Energy required on an urban scale level was also forecasted in the integrated 3D city system [127] , and the impacts of different levels of building details on the energy demand were also illustrated in this study. Potential also exists in identifying the relationship among environmental impact, urban density and solar gains, thereby estimating the necessary building energy consumption [2, 128] . GIS and BIM can help with investigating the dynamic relationship between weather conditions, urban geometry, and individual building's properties. Such a system will improve urban planning and building design in terms of energy optimization. Niu, Pan and Zhao [90] improved it by developing a web-based system to visualize and inspect energy consumption at both building and urban level. In addition, Castro-Lacouture, et al. [129] presented a conceptual GIS-BIM framework about algae power generation system to improve the energy consumption at the level of urban neighborhood.
As an industry-driven collaborative research project, STREAMER aims to reduce the energy cost and carbon emission in the EU by 50% in next decade. In this project, the whole lifecycle information of the buildings in healthcare districts was stored and managed in a BIM/GIS system. This system used optimized semantics driven design methods and interoperable tools to analyze the design, construction, operation and maintenance information of healthcare district buildings [130] .
Traditionally, flood damage is evaluated separately at two different scales: building and city. Due to the emergence of new technologies and tools to integrate BIM and GIS, they could be assessed in one integrated system. Such system enables the detailed evaluation and prediction of flood damage to the buildings in whole city [6, 20] . Such efforts can increase a city's adaptability to climate change.
Safety
Zhou, et al. [131] stated that the integration of BIM and GIS enables a more complete consideration of construction safety. Bansal [121] presents the limitation of BIM simulation of the construction process to prevent hazards, such as a lack of topographic modeling and geospatial analysis. GIS helps with evaluation of the potential environmental hazards surrounding by providing an overview of construction projects and their relationship with their surrounding environment [132] . For example, a GIS based navigable 3D animation was developed by Bansal [121] to predict the locations of potential hazards and activities required for safety planning purposes. The GIS database is also able to present and analyze hotspot locations of construction hazards [121] . On the other hand, BIM is able to present construction safety concerns using the information obtained from the design phase [133] . Zhang, et al. [134] developed automatic safety detection algorithms. The algorithms allow the analysis of the safety and hazards in the BIM system, and propose corresponding prevention methods.
Isikdag, Underwood and Aouad [96] introduced BIM and GIS system to develop fire response management operations, and this system also covered the topic of site selection. In this study, not only the semantic information of the building (such as floor plan and stories), but also the geometric information was applied to optimize the site selection and emergency response. Similar application can also be identified in Tashakkori, et al. [135] study. In addition, safe route analysis was implemented to evaluate the outdoor walking environment in the United States. An explicit description of the neighborhood walkability of an elementary school was provided by integrating BIM and GIS [136] .
Moreover, the development of surface and subsurface data integration has been driven by a series of disasters with underground excavations [137] [138] [139] . The integration of BIM and geospatial models enables the modeling of surface and subsurface features, such as buildings and geology, in an integrated framework [140] . This integrated framework will not only benefit the planning and design process for surface and subsurface structure construction, but also make transparent the risk management [138] .
Conclusions and Directions for Future Research
BIM and GIS interpret 3D modeling from two different perspectives, and they have matured in different ways. Currently, the development of BIM and GIS already has some overlapping areas. Meanwhile, the gaps between the two spaces are becoming gradually smaller. Consequentially, limitations and potentials exist at the same time for the future integration of BIM and GIS. GIS can be enriched with its true 3D by being integrated with BIM. The geometric and semantic information transferred from building modeling to a geospatial context will positively influence a series of current activities, such as site selection, safety management and environment impact assessment.
Although geometric transferring is not necessarily easy, the semantic level conversion is more challenging. In the last few years, the increasing amount of effort on the integration of BIM and GIS from a semantic point of view is significant. However, the problem of information loss and change is still serious during the information exchange. This is partially due to the different development purposes of the two systems. Especially, the relatively younger concept of BIM and its standard IFC have not satisfied the requirements of standards yet: competitiveness, conformity, and connectivity [141] . In an IFC model, additional semantics are appreciated to indicate how some aspects are to be modeled in CityGML. "IfcSpaces" and "IfcSlab" are two key layers between the conversion of CityGML and IFC. On the other hand, the GIS world needs to continuously devote time to the development of a more open, stable standard for sharing spatial information with building information.
Three levels of BIM and GIS integration methods have been illustrated in this paper. The selection of integration method should vary from one study to another, and "EEEF" criteria (effectiveness, extensibility, effort and flexibility) were introduced to assess the methods in each group. Ambitious new standard development work can be complex and information loss is commonly observed, due to the discrepancies between the types of classes and the different LODs in original and object schemas [72] . The risk can be significant reduced if the new developed model or standard is focused, less ambitious and application-oriented. Although the development of ambitious and more generalized new standard or model is still maturing, any effort towards this end should be encouraged, as it could fundamentally and revolutionarily solve the integration problem among heterogeneous datasets.
The application of semi-automatic conversion, translation and extension of existing standards is a good compromise among all the methods available, considering its low cost and the relatively good integration result. Compared with the manual conversion, semi-automatic methods require less effort by sacrificing the extensibility. This is because, theoretically, the semi-automatic methods have a work structure or workflow to be followed.
Due to the fast development of Internet technology, there are large amounts of system integration built with the help of new web technologies. Good integration results have been achieved by services-based methods in term of less information loss. However, due to its low flexibility and low extensibility, it is not as popular as semantic web technologies, which provide a more generalized integration solution. Nevertheless, it is also a costly method, especially at the early stage. Furthermore, the isolated and independent development of ontologies exacerbates the challenges faced by scientists and engineers from different domains. Admittedly, the future of BIM and GIS integration by semantic web technologies is still promising, as more people devote to this area.
The application focused methods require the least effort compared with other groups of methods. However, application focused methods normally cannot be easily adopted by others, since they were normally developed to solve a particular problem and are not generalized.
There are still many obstacles and challenges to the achievement of BIM and GIS integration. Mismatching information between the two is one of the most important factors. The mismatching information not only indicates the standard format difference, but also stands for different users, different application focuses, different developmental stages, different spatial scales, different coordinate system, different semantic and geometric representations, different levels of granularity, and different information storage and access methods.
Therefore, openness and collaboration are the keys of the success of BIM and GIS integration. This not only applies to new standard or ontology development, but also indicates the attitudes of people from different domains. Previous studies show that demand driven, frequent communication and government initiatives are the three key paths to achieve open and collaborative integration work between BIM and GIS. For example, the recent emerging smart city study requires people from both domains to collaboratively work together to develop seamless ICT infrastructure. This paper also presented a wide range of applications via integration of BIM and GIS, and indicates the enormous potential of it.
